It was demonstrated that flake-like structures containing Si-based nanosheets were successfully synthesized on Si(111) substrates. By exposure of CaSi 2 /Si substrates to CrCl 2 vapor, Ca atoms were extracted from CaSi 2 , then, the Si-based nanosheets were formed. The structural properties of the Si-based nanosheets formed at the edge of the flakes were examined. It is noted that the flake-like structures were rooted to the substrates, and that the Si-based nanosheets were easily exfoliated from the flake-like structures, to expose the surfaces corresponding to the Si{111} planes of the nanosheet, originated from the corrugated Si(111) layers linked by Ca in CaSi 2 .
Introduction
Recently, semiconducting silicides, which consist of non-toxic and abundant materials at low cost, have attracted much attention for their potential to create new classes of environmentally friendly electronics. In addition, low-dimensional materials have attracted much interest because of their enhanced or modified optical, electronic and mechanical properties compared to those of bulk materials. Since the discovery of graphene, free standing nanosheets have been intensively investigated, and semiconductor two-dimensional nanosheets have been synthesized as a new class of nanoscale materials by exfoliation of a layered compound into constituent single layers. 1) ,2) The Si nanosheets, including Silicene, Siloxane and other Si sheet two dimensional (2D) layered structures, have been synthesized and their electronic, transport and optical properties have been investigated in addition to their theoretical investigations. 1) 14 ) The formation of Si nanosheets by Ca extraction from CaSi 2 by electrochemical methods in solutions, and their structural modification were reported, 7)14) and especially the synthesis of Siloxene was reported. 11)14) On the other hand, 2D "active silicon" or 2D silicon sheets were synthesized by the reaction between CaSi 2 and pure Cl 2 or metal-chlorides, such as SbCl 3 , FeCl 3 , S 2 Cl 2 , PCl 5 , SnCl 2 , however, the structures of the sheets have not been clarified yet.
15),16) CaSi 2 has a layered material with Si corrugated (111) layers linked by Ca ions, and plays an important role in synthesizing the nanosheets. The growth of a Ca-Silicide layer with reactive deposition epitaxy (RDE) is reported. 17) Using metal chlorides, the formation of silicides and silicon nanostructures and their structural modification have been intensively investigated. For example, CrCl 2 is used to synthesize Si-based nanostructures.
18) It was considered that the CrCl 2 vapor was transported to the Si substrates and reacted with the substrates, then the CrSi 2 and byproduct gaseous SiCl 4 were simultaneously produced. Thus, it is expected that CrCl 2 would be one of the appropriate metal chlorides source materials to synthesize Si-based nanostructures accompanied by the etching reaction with the substrates. 18) It is expected to fabricate Si-based nanostructures using metal chlorides with a variety of structural modifications. It was also reported that Si-based nanostructures were synthesized by solid state reaction using CaSi 2 with a layered structure. It is considered that exfoliation takes place by the Ca extraction from CaSi 2 powders. 19) In this study, the formation of Si-based nanosheets by extraction of the Ca from CaSi 2 layers on the Si substrates using CrCl 2 is reported. In addition, the structural properties of the products containing the Si-based nanosheets were examined.
Experimental procedure
CaSi 2 layers were grown by exposure of Si substrates to Ca flux, and details of the growth procedure were shown elsewhere. 17) But by keeping the lid a little loose, the vapor pressure inside the container is reduced to form silicon-rich silicides. For the CrCl 2 treatment, the reaction apparatus was flushed with argon gas for 10 min to remove any oxygen and moisture in the furnace. After the furnace reactor was heated, then the Si substrate and the CrCl 2 source materials were placed in the reactor. The CrCl 2 source material was evaporated at 872°C, then reacted with the CaSi 2 /Si substrates at 650°C and maintained for 10 min, then cooled down to room temperature without the flow of argon gas. 18) The morphological and structural properties of the resulting nanostructures were characterized using field emission scanning electron microscopy (FE-SEM) with energy dispersion spectroscopy (EDS), conventional transmission electron microscopy (TEM), high resolution transmission electron microscopy (HRTEM) and scanning transmission electron microscopy (STEM) with EDS. Figure 1 shows the SEM images of the surface morphology of (a) the CaSi 2 layer grown on the Si substrate, and (b) the products on the substrate surface formed by the CrCl 2 treatment of the CaSi 2 /Si substrate, respectively. The product consists of flakelike structures with a smooth surface. The inclined flakes with a thickness of about 100 nm are grown on the substrates with three fold symmetry. This configuration may correspond to the three inclined planes in addition to the (111) surface of the Si(111) substrates.
Results and discussion
The crystallographic configuration between CaSi 2 and Si was reported, and the CaSi 2 (0001) with layered structures was formed on planes corresponding to the three inclined {111} planes in addition to the (111) surface of the Si(111) substrates.
12),20) The CaSi 2 layer tends to expose the CaSi 2 (0001) surface because the layered structures parallel the CaSi 2 (0001) planes. The rough surface of the CaSi 2 layer enhances the formation of the flakes grown inclined to the three inclined planes of the Si (111) substrates. The EDS shows that the average composition of the region is about Si:Ca:Cr:Cl = 86:11:2:1, except Carbon and Oxygen. Figure 2 shows a series of TEM images of the flake-like structures and nanosheets. For TEM analysis, the products were scratched out from the substrates, placing a couple of ethanol to be dispersed in it, and transferred onto a carbon-coated copper grid, then dried. During this preparation procedure, some of the products were broken easily into fragments of nanostructures. Specific features of each image are shown by arrows. Figure 2(a) shows a piece of flake, and that thinner sheets are overlapped near the edge of the flake. Figure 2(b) shows that a piece of nanosheet is exfoliated from the flake. The exfoliation feature is more clearly seen in Fig. 2(c) , and a part of the flake is exfoliated into several nanosheets.
It is found that the flake-like structures are easily exfoliated into the fragments of thinner nanosheets. The thickness of the nanosheets is not precisely clear, but it is roughly estimated from several nm to a few tens of nm observed in the images. In this study, it is defined that the products with a thickness of about 100 nm grown on the substrates, shown in Figs. 1(b) and 2(a) are described as the flakes. On the other hand, the thinner layers with a thickness from several to a few tens of nm exfoliated easily from the flakes are described as nanosheets. Figures 3(a)3(c) shows an enlarged conventional TEM, high resolution TEM images and the corresponding Fast Fourier Transformation (FFT) patterns of the the nanosheet viewed perpendicular to the flake surface. Figures 3(d)3(f ) show those of the flake viewed parallel along the flake surface. The stepped structure of the flakes is clearly observed, as shown in Figs. 3(a) and 3(b). According to the six-fold symmetry of the plan-view FFT patterns and the plane spacing of the three lattice fringes are around 0.32 nm in Fig. 3(c) , the lattice fringes are constructed by so-called "1/3{422}" diffraction conditions, appeared by the elongation of {111} diffractions perpendicular to the nanosheet surface for the face centered cubic and diamond type crystals, and they are observable only for a sample that is atomically smooth and has very thin two dimensional flat sheets. 6), 21) It is also noted that the angle between two adjacent planes is not precisely 60 degrees, which is caused by the inclination of the Si(111) zoneaxis from the observation direction. As shown in Fig. 3(d) , a straight line contrast parallel to the flake surface is observed, which suggests the formation of the layered structure. Figure 3(e) shows that a part of the layer is slightly bent to be exfoliated from the flakes. The lattice spacing parallel to the flake surface is 0.31 nm, which corresponds to that of Si(111) (d = 0.314 nm) in Fig. 3(f ) . A detailed discussion of the diffraction spots and the image construction of the lattice fringes will be shown elsewhere, 22) in consideration with elongation of {111} the reciprocal lattices perpendicular to the Si(111) nanosheet surface. Figure 4 (a) shows a STEM image of the products synthesized by the CrCl 2 treatment and the corresponding EDS mappings of Ca, Si, Cr and Cl. It is found that the products consist mainly of the Si element, and Cr is non uniformly distributed at limited parts of the samples. On the other hand, the Ca and Cl atoms are slightly distributed, overlapped with the Si and Cr distributions, and a higher density of Ca is detected around the thicker Si flakes. Figure 4(b) shows an enlarged STEM image and corresponding EDS mappings of thinner parts of the nanosheet. It is confirmed again that the nanosheets consist mainly of Si, and Ca is extracted from the CaSi 2 layers. Minimal deposition of Cr and Cl is observed at the thin nanosheet regions.
As mentioned above, the flake-like structures were grown and rooted to the substrates. The Si-based flakes were expected to be grown parallel to the three inclined planes in addition to the (111) surface of the Si(111) substrates. The Si-based (or Ca-deficient calcium silicide) nanosheets were easily exfoliated from the flake-like structures to expose the surfaces corresponding to the Si{111} planes of the nanosheet, originated from the corrugated Si(111) layers linked by Ca in CaSi 2 . The heat of the formation of CaCl 2 (265 kJ/g-atm) is higher than that of CrCl 2 (132 kJ/g-atm), CaSi 2 (1267 kJ/g-atm) and CrSi 2 (32.8 kJ/g-atm).
23), 24) It is also considered that not only the CrCl 2 but also the SiCl 4 (133 kJ/g-atm) would be supplied to the Si substrate during the heat treatment.
18) The CaCl 2 is more stable than other source materials and possibly compounds during the growth. Thus, it is considered that CaCl 2 would be preferably formed and removed from the substrate surface during the growth.
In the previous study, it was reported that the MoSi 2 nanosheets were prepared using MoS 2 with a layered structure as a template by replacement of the Si atoms with S atoms.
25) The MoSi 2 nanosheets also have a bundle structure, which is a structural feature similar to that of the stacking structure of the Sibased nanosheets. Even though the products are divided into the nanosheets, the nanosheets do not exist alone, but are combined with each other to form the bundle structure or the flake-like structure.
Si has a diamond structure with covalent bonding. On the other hand, unusually strong hybridization of the Ca spd states with the Si p states is evident in both of the crystal polymorphs of CaSi 2 .
26)28) The relatively strong interlayer bonding caused by the Ca atoms is changed to van der Waals bonding between neighboring Si layers.
11),12) Previously, using the specific structural feature of CaSi 2 , the Si nanosheets were synthesized by Ca exfoliation from CaSi 2 using aqueous HCl solution, which causes the formation of Siloxane. 11)14) On the other hand, the Si-based nanosheets were formed at the edge of the flakes grown on the substrates with a specific morphological configuration, in this study. The difference is caused by the use of CrCl 2 vapor, not aqueous HCl solution, as a source material. The nanosheets are not completely separated from each other and bonded to each other to form the flakes. However, the flakes are exfoliated on the planes, which corresponds to Si(111). The feature is different from those of conventional bulk Si crystals. The origin of the medium bonding on the Si-based nanosheet surface is not clear at this moment. It is also reported previously that the Si crystals were exfoliated on Si(111) by the H injection between the adjoining Si(111) planes. 29), 30) In this sense, it is considered that the addition of CrCl 2 and/or byproducts to between the neighboring Si layers after removal of the Ca atoms would cause the exfoliation of Si-based nanosheets from the flakes. Further investigation will be required to clarify the surface structures of the nanosheets.
The difference between the Si-based flakes observed here and a common Si bulk crystal is not known at this moment. The detailed structures and their electronic, optical and thermal properties of the flake-like structures and the Si-based nanosheets are not clarified at this moment. However, new functional properties for the structurally modified crystals would be expected. It would be possible that the use of CrCl 2 is preferable, and the Ca atoms are preferentially extracted from the substrate to form Sibased nanostructures. In addition, the Si surfaces are stabilized by chlorine-termination, 31) , 32) and it is considered that the formation of a chlorine-terminated surface and/or absorption of chlorinebased byproducts on the Si surfaces would enhance the formation of thin silicon sheets. It is expected that the use of other metal chloride sources would form various types of Si-based structures.
Conclusion
It is demonstrated that the Si-based nanosheets were successfully synthesized at the edge of the flakes, which would be grown on inclined planes in addition to the Si(111) surface of the CaSi 2 / Si(111) substrates. CrCl 2 is used as a reactant to extract Ca from CaSi 2 . The experimental result suggested that the structural feature of the flake-like structure is structurally modified compared with conventional Si bulk crystals, and new functional properties for the structurally modified crystals would be expected. It is noted that the flake-like structures with the Si-based nanosheets, are rooted to the substrates, and formed on the inclined planes of the Si surfaces. The results will be useful for applications to electric devices, such as electrodes for electrochemical cells. It would be possible that the growth arrangement of the flakes will vary by the appropriate choice of the substrate surface.
